A visual tracking method is introduced which performs no direct tracking of any feature in the image plane. Instead, images are transformed using a variant of the Hough technique and features are tracked by the parameters which describe them. This enables features to be combined and constrained by their structure, allowing tracking of more complex shapes with a controlled degree of flexibility and distortion. Results are presented tracking rectangular structures in a variety of image sequences.
INTRODUCTION
Visual tracking of objects and image features is a challenging task with many potential practical applications. Visual tracking techniques can be employed in areas from the military and surveillance, through to medicine and the film and special effects industries.
Tracking an object through an image sequence typically involves following features detected in one image to their new positions in the next. This paper describes a tracking technique which performs no direct manipulation of any feature in the image plane. Instead, images are transformed and features are tracked by the parameters which describe them.
Experiments are described which demonstrate how the technique can be used to overcome many of the problems associated with tracking, such as occlusion and the varying appearance of features under changing illumination. The process is demonstrated on both laboratory and commercially-sourced sequences of images of planar rectangular objects, such as the one shown in Figure 1 .
RELATED WORK
Robustness to occlusion and illumination variations is provided by the use of the Hough transform (2), which has long been recognised as a promising technique for high-level feature detection in images containing noise. It is, however, computationally expensive, and various optimisations have been attempted to overcome the in- (3) . In most applications the use of 'likelihood' in the Hough transform provides no cause for concern, though Stephens (5) introduces a mathematically correct form of the Hough technique -The Probabilistic Hough Transform -defined as the log of the probability density function of the output parameters given all available input features.
The contents of the Hough accumulator array can be thought of as a discrete approximation to an energy function, with high likelihoods corresponding to high energies. This can be used in tracking sets of linked features using ideas similar to those underlying Active Contours, or 'snakes'. For a classic exposition of snakes see Kass et al. (4) .
METHOD
The three stages of the method are described below. Section 3.1 describes preparation of the input images and the transformation into parameter space according to the choice of feature detection and parameters. In Section 3.2 the tracking of a single feature is described and it is shown how this process helps to reduce problems associated with occlusions. Section 3.3 extends the functionality described in Section 3.2 to the tracking of a constrained structure through the use of a joint probability density function.
Preparation
Parameterisation of individual features present in the image plane is performed using a variation of the Hough technique (2). In our example, the features used are straight lines represented by their offset ρ and angle θ, as described by Duda and Hart (1) . These lines are found in gradient maps formed from the Sobel operator.
The result of this process is an accumulator array which is a quantisation of the parameter space for the chosen transformation. The value of an individual cell represents the probability of the presence of a single feature matching the parameters of the cell. Stephens (5) shows that the conventional Hough technique -using the mathematically incorrect 'likelihood' values within cells -gives a good approximation to the Probabilistic Hough Transform.
Peak tracking
A single line, represented as a peak in the Hough accumulator array, can be tracked by viewing the accumulator array values as an energy function. A peak in the accumulator array is now a point of (locally) maximal energy, and gradient ascent can be applied to efficiently track the maximum as it moves through a sequence of images. This search can be constrained by specifying a maximum step size for the gradient ascent. A larger step size allows the tracking to avoid small local maxima, while a smaller value prevents the tracking from being distracted by nearby features with a higher energy.
This trade off between avoiding local fluctuations in the energy function and being distracted by nearby features shows the limitations inherent in tracking features as simple as a single line. Tracking can be quite sensitive to the choice of step size, and is easily distracted by strong features near the line being tracked. To overcome this problem we propose tracking features in groups.
Linked feature tracking
The process of linked tracking applies a contraint to link individual features detected in the image into a structure. A joint probability density function is used for this purpose and allows tracking of a set of constrained peaks through parameter space.
In the case of tracking a single feature -aiming to maximise the probability at cell c -the function is
where c p is the probability that the parameters matching cell c in the accumulator array represent the presence of a feature. This is proportional to the energy found when tracking in the Hough space.
Figure 2: Parallel component of the join probability density function
When tracking linked features, the joint probability density function becomes a factor of the parameters of more than one point in parameter space. The method behaves as before, seeking to maximise the value of the function -finding the most probable set of parameters across all points.
The joint probability density function provides a means by which many image features can be combined to form an object of interest. It does this by incorporating both the parameters of the accumulator array cell and the probabilities present in that cell. This is similar to the use of intrinsic and extrinsic properties of an Active Contour (4).
In the demonstration case, it is known that if a line detected is thought to be located on the boundary of a rectangular surface, then there will be a corresponding line forming the opposing boundary of the shape. In reality, an amount of variation must be allowed to account for the degree of perspective which may be present. To achieve this, the probability density function makes use of a Gaussian distribution based around the θ parameters of p and q.
The Gaussian distribution of mean m and standard deviation σ is
In our example, x is equal to the difference in θ between the lines. The mean, m, is taken as zero, since for any deviation the reverse is mirrored by the sibling line, so we have
This is the parallel component of the joint probability density function (Figure 2) , which is maximal when p θ = q θ .
The joint probability density function represents the probability of the presence of a pair of parallel lines and is a product of the three probabilities -the probabilities of the presence of the individual lines matching the specific parameters, and the probability that the set of parameters form a parallel pair. The function is
EXPERIMENTAL RESULTS
Video sequences containing the surface shown in Figure 1 were captured using a Philips PCA645 USB webcam to the MPEG format at a frame rate of 10 frames per second, and a resolution of 352 by 288 pixels.
Four sequences -a total of 1626 frames -were taken in similar lighting conditions to Figure 1 . Out of the 1623 frame transitions, tracking failed for 35 transitions, ie. in 2.2% of cases, with the feature successfully tracked in the remaining 1588 cases. A portion of the image sequence and the tracked location of the object can be seen in Figure 3 , where the object is successfully tracked despite occlusions by the hands.
The main cause of failure can be attributed to the gradient computation. When an object is moving quickly, motion blur causes the edges of the object to become spread across more than one pixel, and the Sobel operator used in the experiments gives a low response. The effect is the same as occlusion of the entire boundary edge, with the method unable to recover any information unlike in the case of partial occlusion. This is of particular significance in sequences similar to Figure 4 where the major movement is of the camera, and high speed motion results in a blur of the entire image.
Tracking using the described probability density function makes no distinction between parallel lines. Figure 5 shows how the introduction of a parallel distractor distrupts the tracking process resulting in a deviation from the baseline of the goal. In this case, the parallel components of the function are near equal for both the feature and the distractor, and overall feature detection is controlled by the probabilities present in the accumulator array. The distractor could be ignored by introducing other components to the probability density fuction to track a more specific shape -in the example case this could be the introduction of knowledge of the height of the goal to the function.
DISCUSSION
The inclusion of the parallel component into the probability density function introduces the possibility that the tracking of a pair of lines will not necessarily track to the most prominent lines in the image. In the synthesised (Figure 6 ), the tracking attaches the line on the right to the weaker peak ( Figure 7 ). This is because of the greater overall value of the probability density function caused by the closer θ values when compared to the stronger peak.
The tracking technique described in the design is applicable to a variety of features or structures. Individual features are described by the transformation linking the image space to parameter space in the Hough technique. These features are linked by the joint probability density function to form the structure of the object.
The tracking method is successful, particularly under circumstances where occlusions and illumination variations occur to the image features being tracked. The technique presented of linking image features in tracking by the use of a probability density function further increases tolerance of occlusions, and is a powerful method for tracking more complex structures. The demonstration shows the ease with which parallel lines can be linked, taking advantage of the use of (ρ, θ) space. This is a simple relationship, as the lines lie on the same horizontal in parameter space. Further investigation into different relationships would allow objects with more complex structures to be tracked to a higher degree of accuracy, such as those which occur in skewed symmetry.
More specific constraints recognise fewer objects, but with a greater accuracy. This raises an interesting subject for further investigation. The process of tracking already introduces a dependence on the last frame -by the use of the previous known location of a feature as the start point for finding its new location. The introduction of additional factors to the energy function could allow the ability to 'learn' the shape and motion of the object being tracked using knowledge gained from the relative position of its features in previous frames, similar to the use of the Kalman filter (6) . The Hough technique is a well-established feature detection technique but its potential in tracking has not been previously realised. The Hough technique provides robustness when detecting raw image features, while the application of a joint probability density function in linking features provides the flexibility which gives potential for use in a wide variety of visual tracking situations.
